Introduction
It is accepted that extranuclear genomes are inherited through the maternal lineage, and this is well established for the mitochondrial genome (Ankel-Simons and Cummins 1996, Mogensen 1996) . For plastids, maternal (Correns 1909) and biparental (Baur 1909 ) transmission were initially characterized in Mirabilis and Pelargonium, respectively, and it has been shown that the genome is inherited in a diverse manner, i.e. maternally in the majority and biparentally in the minority of angiosperm species (Tilney-Bassett 1978 , Kuroiwa 1991 . To date, the genetic regulation of maternal inheritance is unclear, despite the fact that elimination of paternal plastids in male reproductive cells is a key factor (for reviews, see Hagemann and Schro¨der 1989, Mogensen 1996) .
The elimination of paternal plastids occurs at various stages of pollen development, including plastid exclusion during the first pollen mitosis (Lycopersicon-type) and plastid degeneration in the generative and sperm cells (Solanum-type; Hagemann and Schro¨der 1989) . Another possible way to eliminate paternal plastids is exclusion of sperm cytoplasm during fertilization, as reported in Hordeum vulgare (Mogensen 1988) ; however, this is not well supported because H. vulgare is more probably a Lycopersicon-type species Rusche 1985, Sodmergen et al. 2002) . After plastid elimination, the mature male reproductive cells are free of intact plastids and plastid DNA (Hagemann and Schro¨der 1989, Kuroiwa 1991) . This determines maternal inheritance in angiosperms and largely facilitates the identification of species having maternal inheritance. By visually confirming the lack of plastid nucleoids in male reproductive cells, Corriveau and Coleman (1988) and Q. demonstrated that $80% of angiosperm species display maternal plastid inheritance. However, these studies still detected the occurrence of inheritable plastids in cells of $20% of angiosperm species (Corriveau and Coleman 1988, Q. Zhang et al. 2003) . Because plastids in male reproductive cells are potentially transmitted to the zygote, the cytological trait of occurrence of plastids in these cells is termed 'potential biparental plastid inheritance'. Comparing this cytological evidence with known genetic data, it was found that, with few exceptions, potential biparental plastid inheritance appears in good agreement with biparental transmission (Miyamura et al. 1987 , Corriveau and Coleman 1988 , Nagata et al. 1999 . Therefore, it can be suggested that biparental inheritance of the plastid genome emerged at a distinct rate, probably up to 20%, at the species level in angiosperms.
Why does biparental inheritance of plastids appear to be widespread in angiosperms? This is related to the fundamental question of how non-Mendelian genetics benefit eukaryotes. Birky (1995) addressed this issue by conducting a concise phylogenetic analysis. The study examined the mode of plastid inheritance in ancestral angiosperms and produced equivocal results, finding that plastid inheritance had alternated frequently between maternal and biparental modes during angiosperm phylogeny. It was therefore suggested that plastid inheritance had evolved many times in angiosperm phylogeny in response to varying and complex selection pressures (Birky 1995) . Here we describe a general pattern that differs from the above study in terms of the fluctuation of plastid genetics in angiosperms. The occurrence of potential biparental inheritance in traditional Caprifoliaceae provided a valuable clue for our study. The results suggest that plastid inheritance was initially uniparental, and that biparental transmission derived unilaterally from the maternal transmission mode during recent angiosperm evolution.
Results

Potential biparental plastid inheritance in Caprifoliaceae
The traditional Caprifoliaceae family, which was recently classified into Adoxaceae, Caprifoliaceae, Diervillaceae and Linnaeaceae, comprises 13 genera (Bell et al. 2001 , Donoghue et al. 2003 W. H. Zhang et al. 2003) . We initially examined plants from the 12 genera available in China, by visually inspecting mature male reproductive cells for the presence of plastid DNA. Mature pollen grains of the species listed in Table 1 were sampled, stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) and examined by epifluorescence microscopy. Except for V. sargentii, which has bicellular pollen, the pollen of all species was tricellular, with two sperm and one vegetative cell. As shown in Fig. 1 , we detected fluorescent nucleoids associated with the sperm nuclei of Abelia biflora, Dipelta floribunda, Heptacodium miconioides, Kolkwitzia amabilis, Leycesteria formosa, Linnaea borealis, Lonicera maackii, Symphoricarpos sinensis, Triosteum pinnatifidum and Weigela florida. In contrast, in Sambucus williamsii and Vibernum sargentii, no such nucleoids were associated with the sperm or generative nuclei. The fluorescent nucleoids correspond to organellar DNA in male reproductive cells (see below), and indicate potential organelle transmission from the paternal lineage. The results shown in Fig. 1 thus indicate maternal organelle transmission in two genera (defined here as pattern I), including the outgroup Adoxa moschatellina, and potential biparental organelle inheritance in 10 genera (pattern II) of Caprifoliaceae (Table 1) .
To determine whether the observed nucleoid fluorescence corresponded to plastid and/or mitochondrial DNA, we next performed electron microscopy, immunoelectron The number of gold particles indicated low levels of mitochondrial DNA.
Fluctuation of plastid genetics in angiospermmicroscopy and DAPI-DiOC 6 (3,3 0 -dihexyloxacarbocyanine iodide) double staining fluorescence microscopy on pollen cells for six species: S. williamsii and V. sargentii for pattern I transmission, and A. biflora, K. amabilis, L. maackii and W. florida for pattern II transmission. The results are summarized in Table 1 , and images for W. florida and V. sargentii are shown in Fig. 2 .
In all pattern II species examined, mature sperm cells had both plastids and mitochondria (Fig. 2a) , whereas in pattern I species only mitochondria were observed in the generative or sperm cells (Fig. 2d) . Extensive observation through serial sections confirmed the absence of plastids in the cells of pattern I species. We examined the earlier stages of pollen development and found that plastids of pattern I species are excluded during the first pollen mitosis (Fig. 2e) , which indicates that pattern I species exhibit Lycopersicontype plastid transmission, the most common mechanism for maternal plastid inheritance in angiosperms (for references, see Hagemann and Schro¨der 1989) . We performed immunoelectron microscopy on both pattern I and II species to verify the localization of DNA in the organelles. The results showed strong and consistent localization of gold particles on plastids of pattern II species (Fig. 2b) , indicating that plastids in these sperm cells contained large amounts of DNA. In contrast, the mitochondria in the cells of both pattern types consistently showed no labeling (Fig. 2b, f ) , suggesting that the fluorescent nucleoids in the sperm cells of pattern II species correspond to plastid DNA. DAPI-DiOC 6 double staining confirmed the above results. Because carbocyanine DiOC 6 stains membranes, mitochondria with cristae are much more intensively stained and emit remarkably stronger fluorescence than plastids. Double staining is therefore routinely used to distinguish mitochondria from plastids under epifluorescence microscopy (Nagata et al. 1999) . The cell sections were first observed under UV excitation to detect nucleoid fluorescence and then under blue excitation to observe mitochondrial fluorescence. The nucleoid fluorescence in the sperm cells of pattern II species did not correspond to the mitochondrial fluorescence (Fig. 2c) and thus was indicative of plastid DNA. We conclude that potential biparental plastid inheritance occurs in 10 of the 12 Caprifoliaceae genera that we examined.
Duplication of plastids and plastid DNA
To identify how plastids and plastid DNA are preserved in the sperm cells of pattern II species, we intensively examined the generative and sperm cells of W. florida using serial electron microscopy. Our observations detected 'dividing plastids' in the generative cells that were peeling off the pollen intine. A few plastids in the cells of this stage were dumbbell-shaped, with distinct plastid division 
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Fluctuation of plastid genetics in angiosperm machinery (rings) appearing at the constriction sites (Fig. 3) . Such structures imply plastid division (Mori et al. 2001 . We thus suspected that plastids in the generative cells of W. florida might undergo active proliferation during pollen development. To test this hypothesis, we performed complete serial sectioning to determine the number of plastids in the earliest (lenticular) generative cells, just after the first pollen mitosis. In the five cells examined, newly formed generative cells contained an average of 33.2 AE 5.2 plastids (Table 2) . We then determined the number of plastids in the sperm cells with DAPI-stained fluorescence microscopy. In sperm cells of W. florida, each plastid appeared to contain a highly organized single nucleoid (refer to Fig. 4 ). We did not detect separated nucleoids in any plastids in our study. This one-to-one correspondence, and the fact that DAPI-treated mitochondria in sperm cells did not emit detectable fluorescence, greatly facilitated quantification of plastids in the cells. We squashed the pollen cells into a thin layer so that the numbers of fluorescent granules could be counted accurately by slightly adjusting the focus (refer to the image in Fig. 1 ). With 10 sperm cell pairs examined, on average 70.7 AE 5.3 plastids 
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were counted in each pair of sperm cells (Table 2) . This confirms the multiplication of plastids in the male reproductive cells during pollen development.
The duplication of plastid DNA was revealed by comparing the labeling of DNA per plastid between the early generative and mature sperm cells. We examined complete serial sections of 12 plastids from both early and mature sperm cells and detected an increase in the total amount of labeling during pollen development. The average number of gold particles per plastid in the mature sperm cells was 158% higher than in early cells (Fig. 4e) . This increased labeling was significant [Student's t-test, t ¼ 2.834t 0.975 (22) ¼ 2.07]. Given the fact that the number of plastids doubled during pollen development, we conclude that the conditions for paternal plastid contribution are largely enhanced in the male gametophyte in W. florida.
Immunoelectron microscopy revealed weak labeling (Fig. 2b, f ) and no fluorescent DNA signals corresponding to mitochondria (Fig. 2c) , suggesting that the mitochondrial DNA in the male reproductive cells may be degraded during pollen development. Such degradation of mitochondrial DNA is a common trait that indicates maternal mitochondrial inheritance. We also measured DNA labeling of mitochondria at the early and mature stages of pollen development. In the early generative cell, uniform labeling with gold particles was observed in mitochondria of both W. florida and V. sargentii (Fig. 4a, c) ; this labeling was distinct from the weak labeling observed in the mature sperm and generative cells (Figs. 2b, f and 4b, d) . In W. florida, examination of complete serial sections of mitochondria from early generative and mature sperm cells revealed that the average number of gold particles per mitochondrion in mature cells was 97% less than that in early cells (Fig. 4e) . Similarly, in V. sargentii, the average labeling per mitochondrion was reduced by 98% in the mature cells (Fig. 4e ). These results demonstrate degradation of mitochondrial DNA in the male reproductive cells, ensuring maternal mitochondrial transmission in these species.
Occurrence of potential biparental plastid inheritance during late angiosperm phylogeny
The above results revealed the divergence of potential plastid transmission patterns in traditional Caprifoliaceae. Based on previous studies, the genera Sambucus and Viburnum, which exhibit maternal transmission, along with Adoxa (the outgroup genus in this study), comprise a monophyletic sister clade (recently named Adoxaceae) in the order Dipsacales (Bell et al. 2001 , Donoghue et al. 2003 , W. H. Zhang et al. 2003 Fig. 5 ). The remaining genera or families of this order, including Patrinia and Valeriana (Valeriaceae), Dipsacus and Scabiosa (Dipsaceae), and Morina (Morinaceae), all exhibit potential biparental plastid inheritance (Q. Fig. 5) . The pattern of appearance of potential plastid inheritance implies that maternal and biparental modes may have diverged in the early phylogeny of the order Dipsacales, because the genera, except for those in Adoxaceae, are monophyletic and all exhibit potential biparental plastid inheritance. Moreover, because mechanisms are developed to enhance the strength of paternal contribution (see plastid Table 2 ) in the species with potential biparental inheritance, we further propose that biparental plastid inheritance may be a trait that has been acquired upon maternal transmission (discussed below). We therefore performed an extended phylogenetic analysis using angiosperm species with a known potential mode of plastid inheritance. Using data from previous studies, we surveyed 4600 such species and confirmed that the major clades of angiosperm phylogeny are well represented (Corriveau and Coleman 1988, Q. Zhang et al. 2003) . As a framework, we used the most recent phylogenetic scheme suggested by the Angiosperm Phylogeny Group (Soltis et al. 2000 , Angiosperm Phylogeny Group 2003 . To match the framework best, we omitted species with uncertain phylogenic positions.
The phylogenetic tree that we established displays information for potential plastid inheritance in 206 angiosperm genera (Fig. 6 ). Of these, 81.1% (167/206) showed maternal plastid inheritance, and 18.9% (39/206) showed potential biparental inheritance. Such rates are consistent with the natural appearance of maternal and potential biparental plastid transmission in angiosperms. Because the aim of this analysis was to learn how and when maternal and biparental plastid inheritance evolved during angiosperm phylogeny, we first examined the mode of plastid transmission in the earliest angiosperms. The earliest angiosperms are Amborellaceae, Nymphaeaceae and a clade that contains Illiciaceae, Schisandraceae, Trimeniaceae and Austrobaileyaceae (Qiu et al. 1999 , Soltis et al. 2000 . Our analysis included information on Nymphaea (Nymphaeaceae) and Illicium (Illiciaceae), with maternal plastid transmission (Fig. 6 ). In addition, our phylogenetic tree also suggests that maternal plastid inheritance should occur in the established basal branches of angiosperms such as Nelumbo, Ceratophyllum, Magnolia, Liriodendron, 
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Laurus, Chimonanthus, Aristolochia and Chloranthus (Fig. 6) . The consistent appearance of maternal transmission in these lineages implies that maternal plastid inheritance is the ancestral condition and suggests that biparental plastid inheritance is derived from maternal inheritance (Fig. 6) . Moreover, phylogenetic analysis showed a distribution of potential biparental plastid inheritance throughout the taxa, implying apparently polyphyletic occurrence of the trait in angiosperms.
Discussion
Occurrence of potential biparental plastid inheritance in the early phylogeny of Dipsacales
In this study, we demonstrated the widespread occurrence of potential biparental plastid inheritance in traditional Caprifoliaceae. This traditional family was recently classified into four independent families: Adoxaceae, Caprifoliaceae, Diervillaceae and Linnaeaceae, based on intensive analysis of gene similarity (Bell et al. 2001 , Donoghue et al. 2003 , W. H. Zhang et al. 2003 . Of these families, Caprifoliaceae, Diervillaceae and Linnaeaceae comprise genera that all exhibit potential biparental plastid inheritance (Figs. 1, 5 Fig. 5 Phylogenetic relationships among genera in the order Dipsacales. The branching pattern of the tree was based on sequence analysis of plastid genes reported previously (Bell et al. 2001 , Donoghue et al. 2003 , W. H. Zhang et al. 2003 . Genera with potential biparental plastid transmission are shown in gray, and those with maternal transmission are in black. The potential biparental classification for Patrinia heterophylla, Valeriana officinalis, Dipsacus asperoides, Scabiosa tschiliensis and Morina nepalensis was taken from our previous study (Q. . Shading indicates the species of traditional Caprifoliaceae examined in this study, which were recently reclassified into Linnaeaceae, Caprifoliaceae, Diervillaceae, and Adoxaceae. 
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Fluctuation of plastid genetics in angiosperm occurrence of potential biparental inheritance throughout related families is unusual, because potential biparental inheritance usually occurs only in some genera within certain families (Corriveau and Coleman 1988, Q. Zhang et al. 2003) . Furthermore, the consistent occurrence of potential biparental inheritance has emerged in other families of Dipsacales: Dipsacaceae, Morinaceae and Valerianaceae (see our previous report: Q. . Thus, except for the Adoxaceae, which exhibit maternal inheritance, the remaining genera in Dipsacales all exhibit potential biparental inheritance (Figs. 1, 5 , Table 1 ). Interestingly, we found that this divergence in the mode of potential plastid inheritance perfectly matches the phylogeny of Dipsacales, in which the Adoxaceae are established as a small monophyletic clade and the remaining families constitute a large monophyletic clade (Fig. 5) . We therefore presume that the ancestor of Dipsacales may be a phylogenic turning point at which a switch between maternal and biparental plastid inheritance occurred.
A previous study suggested that maternal and biparental modes of plastid genetics had inverted and reverted throughout angiosperm phylogeny (Birky 1995) . This implies that maternal plastid inheritance in angiosperms may be converted to biparental inheritance and, in the case of inversion, biparental inheritance may be converted to maternal inheritance. The identification of the switching points, at which the mode of plastid inheritance alters, is thus critical for understanding how the mode of plastid inheritance fluctuates in angiosperm phylogeny. However, because plastid inheritance was usually examined with the genus of isolated families, the previous study failed to identify such points. In the present study, we identified the divergence by serial inspection of traditional Caprifoliaceae, and our results appear to support the case that potential biparental inheritance seems to occur through maternal inheritance. The cytological examination revealed active duplication of plastids and plastid DNA in the generative cells of W. florida, a representative species for potential biparental inheritance (Figs. 3, 4) . This demonstrates that the paternal contribution is enhanced by cellular mechanisms that are not seen in species exhibiting maternal inheritance (for degeneration of plastids in the male reproductive cell, see Hagemann and Schro¨der 1989) . The development of mechanisms for paternal contribution supports the idea that potential biparental plastid inheritance in Dipsacales is derived from maternal inheritance.
Unilateral occurrence of potential biparental plastid inheritance in angiosperms
Active enhancement of the paternal contribution to plastid inheritance was first reported by Nagata et al. (1999) . Their study revealed selective duplication of plastid DNA in the male reproductive cells of Pelargonium zonale, Medicago sativa, Rhododendron mucronatum and Petunia hybrida. These species are all genetically established as exhibiting biparental plastid inheritance. The same phenomenon was then reported in Syringa pekinensis (Liu et al. 2004a) and Wisteria sinensis (Hu et al. 2005) , species that exhibit potential biparental plastid inheritance. In addition, quantitative cytology revealed an aggressive increase in DNA-containing plastids in the generative cells of Chlorophytum comosum, a species genetically shown to exhibit biparental plastid inheritance (Liu et al. 2004b) . Together with the results of our study, it appears that in all species examined so far, active enhancement of the paternal contribution to inheritance is a trait that occurs in all species exhibiting biparental or potential biparental plastid inheritance. This implies that the conversion of plastid inheritance from the maternal to the biparental mode may be a major source of the occurrence of biparental inheritance in angiosperms.
To delineate a general pattern for the fluctuation in plastid inheritance in angiosperm evolution, we conducted a meticulous phylogenetic analysis by incorporating as many species as possible with known (potential) modes of plastid inheritance. In contrast to a previous study (Birky 1995) , our examination included Illicium verum and Nymphaea tuberosa, the earliest established angiosperms (Qiu et al. 1999 , Soltis et al. 2000 and a group of species that are known to be basal branches of the angiosperms (see Supplementary Fig. 1 for species details) . The maternal inheritance in these species implies that the angiosperms are rooted in maternal plastid genetics (Fig. 6) . The uniparental plastid inheritance found in the unicellular green alga Chlamydomonas (Kuroiwa et al. 1982 , Nishimura et al. 1999 and gymnosperms (either maternal or paternal in gymnosperms, see Mogensen, 1996) , which evolved much earlier than the angiosperms, supports the idea that ancestors of angiosperms had uniparental (maternal) inheritance. This was distinct from the previous study, in which, perhaps owing to insufficient available information on plastid inheritance in ancient angiosperm species, the mode of plastid inheritance in the ancestral angiosperms was equivocal (Birky 1995) . Based on both cytological evidence and our phylogenetic examination, we suggest that angiosperm species exhibiting biparental plastid inheritance may have arisen directly from their ancestors that had maternal inheritance in angiosperm phylogeny without any reversion.
Why did the previous study (Birky 1995) suggest that plastid inheritance may have shifted frequently between maternal and biparental modes during angiosperm phylogeny? We presume that this difference in results may be due to the classification of angiosperm species as having a maternal or biparental mode. As a matter of fact, plastid Fluctuation of plastid genetics in angiosperminheritance is neither strictly maternal nor biparental. In species that exhibit maternal transmission, Nicotiana tabacum for example, paternal plastids leak to the offspring with frequencies of 0.07 and 2.5% in interspecific and intraspecific crosses, respectively (Medgyesy et al. 1986 ). Such a low rate of paternal organelle leakage, termed 'occasional biparental transmission' (Smith 1988, Yu and Russell 1994) , occurs ubiquitously in plants known to exhibit maternal inheritance (e.g. Cornu and Dulieu 1988 , Schmitz and Kowallik 1986 , Sewell et al. 1993 ). In the study of Birky (1995) , a clade containing Antirrhinum, Borago, Petunia, Lycopersicon and Nicotiana gives the example of the 'inversion' of plastid inheritance from biparental to maternal mode. With the exception of Lycopersicon, paternal plastid leakage is detected in the other genera. It seems that a maternal genus (Lycopersicon) derives from biparental genera (Antirrhinum, Borago, Petunia and Nicotiana). We disagree with this explanation because (i) paternal plastid leakage is clearly different from biparental inheritance and (ii) leakage-free maternal inheritance in Lycopersicon may need to be retested, because a species with strict maternal inheritance has not been reported so far. To distinguish between paternal leakage and biparental inheritance, we adopted potential inheritance, a cellular trait that clearly reports trace plastid leakage and active plastid duplication, for the classification in this study, and our result yielded the unilateral occurrence of biparental plastid inheritance in angiosperms.
Possible evolutionary pressure for biparental inheritance
If biparental plastid genetics in angiosperms occurred through maternal inheritance, one may question why it occurs in the late phylogeny. Birky (1995) predicted possible traits, including nuclear-plastid incompatibility, that may have driven the shift of plastid genetics. We note the fact that plants with deficient chlorophyll pigmentation caused by defective plastids could be effectively recovered by pollination with wild-type pollen. In Oenothera and Pisum, it has been demonstrated that wild-type plastids are inherited by F 1 progeny from the paternal lineage in various proportions, and these plastids restore the wildtype phenotype of plants (Chiu and Sears 1993, Bogdanova 2007) . Owing to the fact that transmission of plastids through the paternal lineage acts to rescue plants with nuclear-plastid incompatibility, we presume that biparental inheritance may have benefited the speciogenesis of species with a defective mutation in the plastid genome.
Materials and Methods
Plant materials
We 
Epifluorescence microscopy
Inspection of plastid DNA with epifluorescence microscopy was performed according to Kuroiwa and Suzuki (1980) . Mature pollen grains were placed on a glass slide and immersed in a drop of TAN buffer (Nemoto et al. 1988) supplemented with 3% glutaraldehyde and 1 mg ml À1 DAPI. The pollen grains were squashed on the slide. After 5 min of fixation and staining, the samples were examined under an epifluorescence microscope (Olympus, Tokyo, Japan). Photomicrographs of the cells were captured with a cooled CCD camera (Spot-RT; Diagnostic Instruments, Sterling Heights, MI, USA) attached to the microscope.
The double staining of pollen cells with DAPI and DiOC 6 was based on the methods of Nagata et al. (1999) . Pollen grains were fixed in 3% glutaraldehyde in cacodylate buffer (pH 7.4) for 24 h at 48C, dehydrated through an ethanol series, and then embedded in Technovit 7100 resin (Kulzer and Co., Wehrheim, Germany). The samples were cut into 500 nm thick sections on an Ultracut Microtome (Leica, Vienna, Austria) and dried on coverslips. The sections were stained with 100 mg ml À1 DiOC 6 in ethanol, washed with 50% ethanol and distilled water, and then further stained with 1 mg ml À1 DAPI in TAN buffer. To prevent fading, 1 mg ml À1 n-propyl gallate in 50% glycerol was added to the samples before the epifluorescence microscopic examination. Photomicrographs were captured with the cooled CCD camera described above.
Electron microscopy
For transmission electron microscopy, pollen grains were fixed in 3% glutaraldehyde in cacodylate buffer (pH 7.4) for 24 h at 48C, and then overnight in 1% osmium tetroxide at 48C. The fixed pollen grains were dehydrated through an alcohol series and embedded in Spurr's resin. Ultrathin sections were collected in copper grids with a single slot, stained in 1% uranyl acetate and lead citrate, and examined under an electron microscope (JEOL, Tokyo, Japan). The electron photomicrographs of the cells were captured with a cooled CCD unit (XR40; Advanced Microscopy Techniques, Danvers, MA, USA) attached to the microscope.
Immunoelectron microscopy for the detection of cellular DNA was based on the methods of Johnson and Rosenbaum (1990) . Pollen grains were fixed with glutaraldehyde as described above, but with the post-fixation step omitted, and embedded in LR White resin (Sigma-Aldrich Chemie, Steinheim, Germany). Continuous sections were collected in nickel grids with a single slot. The grids were incubated with a mouse monoclonal antibody that recognizes single-and double-stranded DNA (Boehringer Mannheim, Mannheim, Germany). After washing, the grids were incubated with a goat anti-mouse IgM conjugated to 10 nm colloidal gold (British BioCell International, Cardiff, UK). Finally, the samples were stained with 1% uranyl acetate and examined under the electron microscope. For a negative control, sections were pre-treated with DNase and processed as above. The free localization of immunogold particles was routinely confirmed on these control sections.
Phylogenetic analysis
A recently established phylogenetic scheme (Soltis et al. 2000 . Angiosperm Phylogeny Group 2003) was used as our framework for the phylogenetic analysis. A literature survey yielded 4600 angiosperm species with known modes of plastid inheritance; most data were taken from previous wide-scale examinations (Corriveau and Coleman 1988, Q. Zhang et al. 2003) . Data for potential biparental transmission in Jasminum and Ligustrum were from separate studies (Sodmergen et al. 1998 , Liu et al. 2004a . Data for maternal plastid transmission in Laurus, Chloranthus, Illicium, Ilex, Benthamia and Spinacia, and biparental transmission in Symphoricarpos were based on our unpublished results. We excluded genera with uncertain relationships to those determined in the phylogenetic scheme. Because the mode of plastid inheritance does not appear to change within a genus (Corriveau and Coleman 1988, Q. Zhang et al. 2003) , we used one species to represent each genus. The approximate timing for the appearance of angiosperm genera was taken from Wikstro¨m et al. (2001) .
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